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H I G H L I G H T S
• Hierarchically porous carbon is pre-
pared by neutralization reaction.
• The effects of pH and carbonization
temperature on structure are in-
vestigated.
• The assembled symmetrical super-
capacitor has a large specific energy
density.
• The obtained supercapacitor exhibits a
good cycling stability.
G R A P H I C A L A B S T R A C T
Hierarchically porous carbon.







A B S T R A C T
We have prepared nitrogen and oxygen enriched hierarchically porous carbon (NOHPC) based on a concept of
neutralization reaction. The reactant of KOH and the reaction product of KCl mixed in soybean flour acts as
chemical activators and porogens during carbonization, which play different roles to produce the hierarchical
porous structure containing macropores, mesopores and micropores. After the investigation of the effect of the
reaction pH and carbonization temperature on the structure, the optimized NOHPC with reaction pH at 11.5 and
carbonization temperature at 900 °C has a large area (2404.3 m2 g−1), with a high pore volume of 1.31 cm3 g−1,
a nitrogen content (0.42%) and an oxygen content (32.1%). When assembling supercapacitors, NOHPC has a
extremely large specific capacitance (381 F g−1 at 1 A g−1) and large energy density (20.78–15.42Wh kg−1),
and possesses good rate performance. Particularly, the symmetric supercapacitor assembled based on NOHPC-
900-11.5 has a good cycle stability in the voltage range of 0–1.8 V in a two-electrode system with 1M Na2SO4 as
the electrolyte. It is worth noting that when Tetraethylazanium tetrafluoroborate (TEATFB) in propylene car-
bonate and 1-ethyl-3-methylimidazolium bis[(trifluoromethyl)sulfonyl]imide (EMIMNTF2) are selected as
electrolyte, high energy densities of 31.4Wh kg−1 and 71.6Wh kg−1 are achieved. The above results indicate
that NOHPC prepared based on neutralization reaction is superior energy storage materials. This work has
universal significance in producing high performance porous carbons from biomass.
https://doi.org/10.1016/j.cej.2019.122547
Received 4 June 2019; Received in revised form 4 August 2019; Accepted 18 August 2019
⁎ Corresponding authors at: Research Institution for Biomimetics and Soft Matter, Fujian Key Provincial Laboratory for Soft Functional Materials Research, College
of Materials, Xiamen University, 422 Siming South Road, Xiamen 361005, People's Republic of China (N. Lin, X.Y. Liu) and Department of Physics, National
University of Singapore, 2 Science Drive 3, Singapore 117542, Republic of Singapore (X.Y. Liu).
E-mail addresses: phyqiuwu@xmu.edu.cn (W. Qiu), phyliuxy@nus.edu.sg (X.Y. Liu).
1 These authors contributed equally.
Chemical Engineering Journal 381 (2020) 122547
Available online 20 August 2019
1385-8947/ © 2019 Elsevier B.V. All rights reserved.
T
1. Introduction
The rapid consumption of fossil fuels has led to the severe energy
and environmental problems around the world, the development and
utilization of new energy sources has been expected for years. In recent
years, various new energy technologies, using wind, solar, and tidal
energy, have received widespread attention. However, the distribution
of these new energy sources in time, season and region is discontinuous
and uneven which need to be converted into storable forms of energy,
such as electricity, for transportation and release when needed [1].
Therefore, the development of new electrical devices including bat-
teries, supercapacitors, etc., is exceedingly fast these years [2].
As a kind of highly conductive and large high specific surface area
materials, activated carbon is broadly utilized as an electrode material
for supercapacitors [3]. There are a great many of methods on im-
proving the specific capacitance properties of carbon materials, such as
increasing the effective specific surface area of carbon materials [4],
changing the pore distribution of materials or introducing heteroatoms
into the carbon skeleton. The introduction of heteroatoms in the carbon
skeleton, such as nitrogen [5,6], oxygen [7,8], sulfur [9–12], etc., im-
proves the surface wettability of the electrode material, and a Faraday
pesudocapacitor in the carbon skeleton to ameliorate electrochemical
properties of hierarchically porous carbon material, which makes the
application of carbon materials more extensive [13–16]. To increase the
effective specific surface area and control the pore distribution of ac-
tivated carbon materials, soft templates and hard templates are widely
used as porogens in the preparation. There are many kinds of hard
template materials, such as silica [17], magnesia [18], zinc oxide
[19,20], etc., and soft templates including a series of block copolymers
such as polypropylene (PAN) [21], metal-organic framework (MOFs)
and the like [22,23]. However, in the process of removing these tem-
plates, not only a large amount of time and effort is consumed, but also
a large mass loss of the carbon material is occurred [24]. A new method
of fabricating porous carbon material using inorganic salts as porogens
is developed, not only raw materials are cheap and readily available,
but also salt templates can be removed by simple water washing. Since
the inorganic salt mixture easily forms a comelt with a lower melting
point during the heating process, which aggregates into similar size for
pore-forming [25,26]. However, the selection of inorganic salt to op-
timize the effective specific surface area the pore distribution is still
challenging.
Recently, the renewable biomaterials for manufacturing cheap
layered porous carbon materials by carbonizing have drawn great at-
tention [27], which are rich in nitrogen and oxygen, such as silk [28],
rice [29], eggshell membrane [30], catkins [31], fungi [32], and the
like [33,34].
We propose a method to produce activated carbon electrode mate-
rial with hierarchically porous structure at the desired length scale
based on a concept of neutralization reaction. Soybeans containing
nitrogen and oxygen are selected as the carbon source, which are rich in
unsaturated fatty acids, soybean phospholipids, saponins, protease in-
hibitors, etc. After the mixing of soybean and the reactants of KOH and
HCl, the neutralization reaction occurs, the reaction of KOH and HCl
creates KCl and H2O. KOH is used as carbon material activator, which
can form a large number of micropores. By adding HCl solution to the
soybean mixed solution, the pH of the reaction system can be adjusted,
in other words, the content of KOH and the reaction product of KCl can
be controlled. Herein, KCl produced by the neutralization reaction is
also used as salt templates to produce porous carbon materials. The
ability of KOH and KCl for producing pores with different sizes is not
same, so hierarchically porous structure could be formed in a control
manner. The obtained carbon material which possesses a large specific
surface area, microporosity, and nitrogen content is utilized as the
electrode material of the supercapacitor, which possesses a large vol-
tage window, power density and energy density, and also has good
cycle stability. Based on the neutralization reaction, we open up a green
and fast way to synthesize sustainable and low-cost carbon materials
derived by biomaterials.
2. Experimental
2.1. Preparation of hierarchically porous carbon rich in nitrogen and
oxygen (NOHPC)
Soybeans were soaked in distilled water for 2 h, washed, and after
that dried in an oven at 80 °C. The dried soybeans (50 g) were dissolved
in 500mL of a 10M KOH solution, and the pH of the soybean solution
was adjusted to 8.5, 11.5 and 14.5 by dropwise addition of a 6M HCl
solution to the soybean solution. The pH of the reaction system was
measured in situ by a pH Meter (Thermo Scientific Orion Star A215).
Since the neutralization reaction generates a large amount of heat, it is
necessary to drip the HCl solution dropwise to the soybean solution.
Finally, the soybean solution is freeze-dried in a lyophilizer.
The obtained soybean mixture as a carbon precursor was put in a
tube furnace at argon atmosphere and heated to 350 °C at a heating rate
of 2 °C min−1 for 1 h. Then, it was heated to 700, 800, 900, and 950 °C
at a heating rate of 5 °C min−1 for 1 h, and the sample was naturally
cooled to room temperature. To eliminate overplus KOH, the mixture
was first washed with HCl solution, then with distilled water to elim-
inate overdose ions in mixture, and then the mixture was placed in an
oven at 100 °C for drying overnight to get final product, nitrogen and
oxygen enriched hierarchically porous carbon (NOHPC).
2.2. Structural characterization
X-ray diffraction (XRD) was measured with Bruker-AXS (Cu Kα
Radiation). To compare the degree of graphitization of carbonized
soybeans at different temperature, Raman spectroscopy (Labram HR
Evolution, Horiba-Jobin Yvon, France) was performed by using a
system with an excitation laser wavelength of 600 nm and a 100×
objective lens (numerical aperture, NA=0.95). Morphology and
structure of soybean after carbonization were measured by thermal
field emission scanning electron microscope (FE-SEM, SU-70, Hitachi,
Japan) at 10 kV, and further observed by transmission electron micro-
scopy (TEM, JEM-2100, JEOL, Japan). The specific surface area before
and after carbonization was characterized by surface area analyzer
(TriStar II 3020, Micromeritics, USA). The element contained in the
treated soybean was tested by elemental analysis (Vario EL III,
Elementar, Germany). Valence analysis of carbonized soybean material
was performed using X-ray photoelectron spectroscopy (XPS, PHI
Quantum 2000 Scanning ESCA Microprobe, Physical Electronics, USA).
2.3. Electrochemical characterization
In the three-electrode system, electrochemical measurement was
performed on CHI660E electrochemical workstation in 1M H2SO4
aqueous electrolyte, the platinum sheet and Hg/HgCl2 electrodes were
used for the purpose of the counter and reference electrodes, respec-
tively. The slurry-derived powder electrode was prepared by mixing
homogeneously activated soybean powder NOHPC, acetylene black,
polytetrafluoroethylene (PTFE) with ethanol at a mass ratio of 8:1:1.
The uniformly stirred mixture was dropped on a platinum sheet
(1 cm×2 cm), and then the platinum plate electrode with the active
material was dried. The mass loaded on single electrode is approxi-
mately 2mg. Electrochemical performance of different activated car-
bons as supercapacitor electrodes were tested. The specific capacitance






where Cs (F g−1) is the specific capacitance of a single electrode
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material, I (A) is the discharge current, m (g) is the mass of active
material loaded on a single electrode material, Δt (s) is the discharge
time, and ΔV=V0−VIR-drop (V) is the operating voltage window of a
single electrode.
Two platinum plate electrodes with the active electrode material
were selected as the positive and negative electrodes of the symmetric
supercapacitor separated by a glass fiber membrane soaked with elec-
trolyte. In the symmetric supercapacitor, four different electrolytes
were selected for electrochemical measurement at room temperature.
1M H2SO4, 1M Na2SO4, 1M Tetraethylazanium tetrafluoroborate
(TEATFB) in propylene carbonate (PC) and 1-ethyl-3-methylimidazo-
lium bis[(trifluoromethyl)sulfonyl]imide (EMIMNTF2) were chosen for
the electrolytes, respectively. The active substance is about 2.5 mg per
square centimeter on the electrode. The cycle stability test was carried
out continuously for 10,000 cycles at 5 A g−1 by constant current
charging and discharging. The energy density (E, Wh kg−1) and power
density (P, W kg−1) of a symmetric supercapacitor could be counted by














where C (F g−1) is the specific capacitance of the symmetric super-
capacitor device, I (A) is the discharge current, Δt (s) is the discharge
time, M (g) is the total active material mass of the symmetric super-
capacitor, and ΔV (V) is the voltage range after ohmic drop.
3. Results and discussion
3.1. Strategy of the synthesis of NOHPC originated from soybean based on
neutralization reaction
In this study, the neutralization reaction is proposed to obtain
NOHPC using soybean precursors with the abundant nitrogen and
oxygen content. As shown in chemical Eq. (5), KOH as a reactant and
KCl as a chemical product are two common chemical activators, the
amount of KOH and KCl in the reaction system can be controlled by the
amount of HCl added, in other words, pH of the reaction system.
Moreover, the neutralization reaction provides a great deal of heat in
the reaction system, which will help the activation of soybean.
+ → + H OKOH HCl KCl 2 (5)
The procedure for synthesizing NOHPCs based on neutralization
reaction is shown in Fig. 1. KOH as an activator can form a large
number of micropores, which can be used to store a large amount of
adsorbed electrolyte ions. The pH of the reaction system is regulated to
8.5, 11.5 and 14.5 by different amounts of HCl, with the decrease of pH,
more KCl will be formed, and less KOH will be left. The product of the
neutralization reaction KCl dispersed in the soybean powder plays two
important roles as a chemical activator and a porogen. First, KCl plays
the part of a dehydrating agent that accelerates the decomposition of
soybean during carbonization. Second, KCl can be used as a “salt
template” for forming micropores and mesopores in carbon materials
[35]. The XRD of the precursor after neutralization reaction is tested
(Fig. S1). The particle size of KCl is calculated by the Scherrer formula,
the average particle size of KCl is 53.5 nm.
Pyrolysis temperatures will affect the specific surface area of acti-
vated carbon materials, and electrochemical properties of electrode
materials, which are set to 700, 800, 900, 950 °C. NOHPC is obtained
after washing to remove all KOH and KCl. NOHPC prepared by different
pyrolysis temperatures and different pH can be expressed as: NOHPC-
900-8.5, NOHPC-900-11.5, NOHPC-900-14.5, NOHPC-700-11.5,
NOHPC-800-11.5, NOHPC-950-11.5.
3.2. Effect of pH of in the reaction system
To analyses the phase composition of the NOHPC, Raman and XRD
spectrum were used to compare the influence of different pH in this
reaction system. From the XRD pattern of NOHPC (Fig. S2), there are
two broad diffraction peaks of carbon materials (0 0 2) and (1 0 1)
centered at 25° and 42° respectively [36]. Compared with the crystal
structure, the wide diffraction peaks show weak crystallinity of
NOHPCs and this amorphous structure facilitates ion transport [37].
Two feature peaks centered on about 1360 and 1580 cm−1 of Raman
spectrum are found in Fig. 2a, homologous to D and G band of the
carbon material [38]. The degree of graphitization also can be de-
termined by the strength ratio of D and G bands (expressed as ID/IG)
[39]. Under the same pyrolysis temperature 900 °C, as the pH gradually
increases from 8.5 to 14.5, the ratio decreases from 0.96 to 0.62,
showing that the more amount of activator KOH existed in reaction
system causes the higher degree of graphitization of the activated
carbon material.
Fig. 2b shows adsorption isotherms of NOHPCs characterized by N2
adsorption-desorption test. On the basis of the International Union of
Pure and Applied Chemistry (IUPAC) classification, the curves of
NOHPC-900-8.5 appear to be type I, indicating a microporous domi-
nated porous structure (Fig. 2b). For NOHPC-900-11.5 and NOHPC-
900-14.5, the isotherm become type IV, indicating a porous structure
dominated by micropores and mesopores. The pore distribution of
NOHPC in Fig. 2c indicates that the NOHPC-900-8.5 consists of a great
quantity of micropores between 0.8 and 2 nm. NOHPC-900-14.5 sample
consists of a great quantity of micropores at 0.8–2 nm and a part of
mesopores and 2.2–20 nm. The NOHPC-900-11.5 sample consists of the
lowest number of micropores of 0.6–2 nm and a largest number of
mesopores of 2–20 nm. Table 1 lists the specific surface area and the
pore volume obtained by the BET and the DFT. The results obtained in
Table 1 are consistent with Fig. 2b and 2c, showing that the NOHPC-
900-11.5 has a maximum superficial area of 2404.3m2 g−1, a high pore
volume of 1.31 cm3 g−1. That could be concluded that the control of the
neutralization reaction can easily balance the amounts of the reactant
KOH and the chemical product KCl, and the obtained NOHPC-900-11.5
with an optimal graded porous structure rich in micropores and me-
sopores.
The morphology and structure of NOHPCs are observed by FE-SEM
(Fig. 2d, e, f, S3). As the pH (KOH content) increases, the NOHPC-900-
11.5 sample has more micropores and mesopores than the NOHPC-900-
8.5 sample, however, as the pH (KOH content) continues to increase,
the NOHPC-900-14.5 sample shows a sheet-like structure with almost
no pores, since excess KOH would destroy the structure of the porous
carbon. The NOHPC-900-11.5 sample shows a well-organized 3D
porous nanosheet structure, many of which range from a few hundred
nanometers to a few micrometers. The porous nanosheet structure
provides minimal diffusion resistance and shortens the diffusion
pathway, which improves the transport of ions in electrolyte. The
structure of NOHPC-900-11.5 contributes to the fast transport of elec-
trolytic ions during charging and discharging of supercapacitors.
As described above, the doping of nitrogen and oxygen into the
carbon material not only improves the capacitance but also increases
potential window of the carbon material, thereby greatly enhancing
energy density of supercapacitors. Moreover, chemical composition of
NOHPC was analyzed by elemental analyzer, as illustrated in Table S1.
NOHPC-900-11.5 has the highest nitrogen content and oxygen content,
and the higher oxygen and nitrogen content is beneficial to increase the
specific capacitance of the supercapacitor. For the sake of further un-
derstanding the structural composition of NOHPC-900-11.5, X-ray
photoelectron spectroscopy (XPS) analysis is performed. In Fig. 3a,
three strong peaks homologous to O 1s, C 1 s and N 1 s during
200–600 eV are found. Fig. 3b shows that three separate peaks centered
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at 284.4, 285.8 and 288.2 eV decomposed from the high-resolution C 1s
spectrum, and oxygen-containing group are always accompanied by a
nitrogen-oxygen-doped hierarchical porous carbon material. That is
caused by pyrolysis of biomass materials. In general, additional pseu-
docapacitance can be formed in carbon materials including functional
groups, for instance, C]N, C]O and CeN. Owing to the big over-
potential of dihydrogen precipitation, a great quantity of oxygen-in-
cluding functional groups can increase the voltage window, further
making supercapacitors have a larger energy density. Fig. 3c shows that
four fitted peaks at 404.4, 401.3, 400.2 and 394.1 eV in the high-re-
solution N 1s spectrum may represent oxidized N (N-X), graphitized N
(N-Q), pyrrole/pyridone N (N-5) and pyridine N (N-6). As shown, it can
be found that pyridine N and pyrrole/pyridone N are the main nitrogen
species of NOHPC-900-11.5. Actually, pyridine N and pyrrole/pyridone
N possess large electrochemical activity in water electrolytes, which is
major pseudocapacitance contribution of nitrogen-oxygen doped
graded porous carbon materials [7,40]. In addition, the bonding of
graphitized nitrogen with three carbon atoms in the aromatic ring not
Fig. 1. Schematic diagram of salt templating synthesis based on neutralization reaction of nitrogen and oxygen doped hierarchically porous carbon (NOHPC) derived
from soybean.
Fig. 2. Structure characterization of the samples: (a) Raman spectra of NOHPC-900-8.5, NOHPC-900-11.5, and NOHPC-900-14.5; (b) N2 adsorption-desorption
isotherms of NOHPC-900-8.5, NOHPC-900-11.5, and NOHPC-900-14.5; (c) corresponding pore size distributions of NOHPC-900-8.5, NOHPC-900-11.5, and NOHPC-
900-14.5; (d, e and f) typical SEM images of the NOHPC-900-8.5, NOHPC-900-11.5, and NOHPC-900-14.5.
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only promotes electron transfer, but also changes integral electron
distribution and increases the surface area of active sites through
doping atoms in the nitrogen-carbon network [41,42]. It is worth
noting that from the O 1s spectrum in Fig. 3d, three characteristic peaks
at 533.1, 532.5 and 533.5 eV in the spectrum are homologous to C]O,
CeOH and eCOOH. The oxygen element doped in the porous carbon
material increases the wettability of the material to the electrolyte
while introducing the Faraday pseudocapacitance. Similar to the het-
eroatom nitrogen element, the capacitive properties of the material can
be further improved.
For comparing the electrochemical capacitance properties of
NOHPC prepared with different pH, various different tests are first
performed in a three-electrode device with 1M H2SO4 electrolyte.
Fig. 4a demonstrates the CV curves for three samples of NOHPC-900-
8.5, NOHPC-900-11.5 and NOHPC-900-14.5. We can see that curves are
inordinance rectangles, and a small summit is observed approximately
at 0.4 V, showing that all the capacitance consisted of a double layer
capacitor and a pseudocapacitor derived from a nitrogen-containing
and oxygen-containing functional group. However, the area of NOHPC-
900-11.5 is much bigger than the integral area of the others, showing
that the specific capacitance in NOHPC from soybean is the largest. In
addition, we also study the CV curve of NOHPC-900-11.5 in Fig. 4b.
Excellently, the curve of NOHPC-900-11.5 also maintains a square form
with almost no change at 100mV s−1, which further proves that the
NOHPC-900-11.5 possess good capacitance performance.
The GCD curvature of the three samples (Fig. 4c) is almost linear,
showing fine capacitance action of the double layer capacitor and a
little amount of pseudocapacitor. In the GCD curves of the three sam-
ples, the NOHPC-900-11.5 shows the maximum discharge time,
showing that the NOHPC-900-11.5 electrode material possesses the
supreme specific capacitance. Moreover, the profiles of the NOHPC-
900-11.5 sample in different current densities are almost symmetrical
triangle (Fig. 4d), affirming outstanding invertibility and large cou-
lombic efficiency of NOHPC-900-11.5 sample. The specific capacitance
of NOHPC-900-11.5 is calculated from GCD, and the curves of different
current densities are compared with the curves of the rest two samples
in Fig. 4e. As a result, the higher the current density, the smaller the
specific capacitance, because the increasing current density will cause a
large amount of electrolyte ions adsorbing on the surface of electrolyte,
which leads to a swift reduction of the electrolyte ion concentration at
the interface, so that the concentration polarization is inevitably in-
creased. High excitation voltage is necessary to keep large current
density, but the interface charge number does not increase, which
causes the specific capacitance to decrease with the increase of current
density. We can see that NOHPC-900-11.5 electrode material provides a
specific capacitance of 381 F g−1 at 1 A g−1 in Fig. 4e, maintaining a
277 F g−1 high capacitance even at 8 A g−1, and the capacitance re-
tention rate is about 72%. We can see that this porous carbon material
Table 1
Specific surface area and pore characteristics of NOHPCs.
Samples SBET (m2 g−1) SMicro (m2 g−1) SMeso+Macro (m2 g−1) VTotal (cm3 g−1) VMicro (cm3 g−1) VMeso+Macro (cm3 g−1) VMeso+Macro ratio (%)
NOHPC-900-8.5 1482.2 1394.4 87.8 0.81 0.66 0.15 18.5
NOHPC-900-11.5 2404.3 1839.9 654.4 1.31 1.00 0.31 23.7
NOHPC-900-14.5 1805.8 1507.8 298.0 1.03 0.78 0.25 24.2
NOHPC-700-11.5 1483.2 1412.0 71.2 0.77 0.67 0.10 12.9
NOHPC-800-11.5 1940.3 1706.4 233.9 0.99 0.84 0.15 15.2
NOHPC-950-11.5 1417.3 1266.2 151.1 0.75 0.62 0.13 17.3
Fig. 3. Chemical characterization of NOHPC-900-11.5: XPS survey spectrum (a), high-resolution C 1s (b), and N 1s spectra (c), and O 1s spectra (d).
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has better rate performance. Compared with other biomass-derived
carbons, our material shows much higher performance. The excellent
electrochemical performance of NOHPC-900-11.5 electrode materials is
attributed to the carbon material prepared by the salt templating
method having hierarchically porous carbon, which could be aware of
the FE-SEM of Fig. S3, then this porous structure is favourable for ion
dynamics, thereby greatly increasing the capacitance performance of
the carbon material.
The NOHPCs electrode material was further measured as shown in
Fig. 4f. As can be seen from the Nyquist diagram, the electrolyte ma-
terial of NOHPC-900-11.5 has a minimum contact resistance of 0.41Ω
compared to other samples, which can be found at the intercept of the
Z′ axis. It is worth noting that the curve of NOHPC-900-11.5 is nearly
perpendicular to the Z′ axis at the small frequency region, showing fine
capacitance behaviour. In the large frequency area, the gradient of
NOHPC-900-11.5 is the largest compared with the rest of the sample.
This indicates that the sample requires minimal diffusion resistance
during ion transport, which is also attributed to the fact that the sample
produced at pH 11.5 has a hierarchically porous structure which ac-
celerates the transport of charges and ions. Therefore, the excellent
capacitive performance of NOHPC-900-11.5 can benefits from several
points. Firstly, since the electrolytic material of NOHPC-900-11.5 has a
part of large pores, the large pores increase the more chemical active
sites for the aqueous electrolyte. Secondly, because the carbon material
of soybean contains nitrogen and oxygen, the doping of nitrogen and
oxygen could ameliorate the boundary wettability of electrode material
and improve the conductivity of electrode material. Lastly, electrode
material of NOHPCs has a hierarchically porous structure, which is
conducive to the diffusion of ions.
3.3. Effect of carbonization temperature in the reaction system
Carbonization temperature is one of key factors for preparing
NOHPCs. NOHPCs with carbonization temperature of 700, 800, 900,
Fig. 4. Electrochemical properties of the samples for supercapacitors: (a) CV curves of the NOHPCs at 50mV s−1; (b) CV profiles of the NOHPC-900-11.5 electrode at
various scan rates of 5–100mV s−1; (c) GCD profiles of the NOHPCs at 10 A g−1; (d) GCD profiles of the NOHPC-900-11.5 electrode at various current densities; (e)
the specific capacitance of the NOHPCs at different current densities; (f) EIS Nyquist plot of the different electrodes; the inset is the enlarged view of the profiles in the
large-frequency region.
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and 950 °C are investigated under the pH 11.5 of reaction. NOHPC-700-
11.5, NOHPC-800-11.5, NOHPC-900-11.5, NOHPC-950-11.5 in Fig. S4
all show two broad diffraction peaks of the carbon material (0 0 2) and
(1 0 1) centered at 25° and 42°, respectively. NOHPC-900-11.5 has the
smallest crystallinity compared to the other three samples. From the
Raman spectrum of NOHPCs shown in Fig. 5a, the ratio of ID/IG rises
from 0.88 to 0.96 with the rise of thermolysis temperature from 700 to
900 °C, indicating that the degree of graphitization decreases as the
thermolysis temperature increases. That result contradicts our common
sense that the lower the thermolysis temperature, the poorer the degree
of graphitization of activated carbon material. It was reported that the
carbonization of chitosan functionalized by ZnCl2 showed a similar
trend because more disordered carbon is formed [41]. So this could be
owing to the formation of more non-crystalline carbon during the car-
bonization process. When the carbonization temperature rises to
950 °C, the ratio of ID/IG decreases from 0.96 to 0.85, showing that the
degree of graphitization is increased. It is consistent with the XRD result
in Fig. S4.
From N2 adsorption-desorption curves (Fig. 5b), the isotherms of the
NOHPC-700-11.5, NOHPC-800-11.5 and NOHPC-950-11.5 samples
appear to be type I, indicating a microporous structure (Fig. 5b). The
isotherm of NOHPC-900-11.5 becomes type IV, indicating a porous
structure dominated by micropores and mesopores. The pore distribu-
tion of NOHPC measured by the DFT in Fig. 5c indicates that the
NOHPC-700-11.5 consists of a large number of micropores between 0.5
and 1.8 nm. Compared with NOHPC-700-11.5, the NOHPC-800-11.5
sample consists of a larger number of micropores of 0.6–2 nm and a
smaller number of mesopores of 2–4 nm. While the NOHPC-950-11.5
sample consists of a large number of micropores (0.6–2 nm) and a part
of mesopores (2.2–20 nm). We could find out that with the rise of
temperature, some mesopores are formed, indicating that proper tem-
perature rise is beneficial to the formation of mesopores, however,
when the temperature continues to increase to 950 °C, the mesoporosity
can be found to decrease sharply. This is because when the temperature
is too high, the hierarchically porous structure is broken. The results
show that a grade structure in NOHPC-900-11.5 containing micropores
and mesopores is produced by carbonization treatment using KCl as a
salt template.
From the FE-SEM shown in Fig. 5d, e, f, g, S5, with the gradual
increase of carbonization temperature from 700 to 900 °C, there are
more and more mesopores formed in the porous carbon sample, in-
dicating that the temperature rise is beneficial to form mesopores. The
NOHPC-900-11.5 sample shows a well-organized 3D porous nanosheet
structure. However, when the temperature continues to increase to
950 °C, the 3D porous nanosheet structure is destroyed and the meso-
pores are greatly reduced. HR-TEM pictures in Fig. 5h, i display that
porous structure of NOHPC-900-11.5 consists of a large number of
micropores and mesopores, which is showing no difference with the
Fig. 5. Structure characterization of the samples: (a) Raman spectra of NOHPC-700-11.5, NOHPC-800-11.5, NOHPC-900-11.5 and NOHPC-950-11.5; (b) N2 ad-
sorption-desorption isotherms of NOHPC-700-11.5, NOHPC-800-11.5, NOHPC-900-11.5 and NOHPC-950-11.5; (c) corresponding pore size distributions of NOHPC-
700-11.5, NOHPC-800-11.5, NOHPC-900-11.5 and NOHPC-950-11.5; (d, e f and g) typical SEM images of the NOHPC-700-11.5, NOHPC-800-11.5, NOHPC-900-11.5
and NOHPC-950-11.5; (h and i) HR-TEM pictures of the NOHPC-900-11.5.
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DFT pore size distribution. Therefore, the combination of the FE-SEM
image and the HR-TEM image demonstrates that the NOHPC-900-11.5
has a porous structure comprising macropores, mesopores and micro-
pores. The hierarchical porous structure of NOHPC-900-11.5 con-
tributes the swift transport of ions during charging and discharging of
supercapacitors, thereby greatly improving the electrochemical per-
formance of NOHPC-900-11.5.
Fig. 6a displays the CV profiles for four samples of NOHPC-700-
11.5, NOHPC-800-11.5, NOHPC-900-11.5 and NOHPC-950-11.5 at
50mV s−1 scan rate, which are all rectangular-like. Compared with the
other three samples, the CV curve of NOHPC-900-11.5 has the largest
integrated area, indicating the largest specific capacitance of NOHPC-
900-11.5. This is due to the well-structured 3D porous nanosheet
structure with a large number of mesopores. From the GCD curves
(Fig. 6b) of NOHPC-700-11.5, NOHPC-800-11.5, NOHPC-900-11.5 and
NOHPC-950-11.5 at 10 A g−1 current density, NOHPC-900-11.5 dis-
plays the biggest discharge time, showing that NOHPC-900-11.5 elec-
trode material possesses the maximum specific capacitance, which is
the same of CV results.
From the Nyquist curve (Fig. 6d), the NOHPC-900-11.5 sample has
the largest slope compared with NOHPC-700-11.5, NOHPC-800-11.5
and NOHPC-950-11.5 electrode materials. The gradient of the sample
shows minimum diffusional resistance and the best electrochemical
performance for ion transport in the electrolyte. This is also attributed
to the joint effect of the KOH and KCl to form a graded porous carbon,
which is conducive to improving the electrochemical property of
carbon material. As comparison, the materials prepared without neu-
tralization reaction but have the same pH value are tested. The results
show that the materials prepared by the neutralization reaction have
higher electrochemical performance (Fig. S6). Moreover, cycling sta-
bility of a single electrode of NOHPC-900-11.5 is also tested. In a 1M
H2SO4 electrolyte, a 10,000 cycle GCD test is performed. In Fig. 6e, the
electrode is found to have good cycle stability. The capacitance of a
supercapacitor remains at 95% of the initial value after 10,000 cycles.
This shows electrode materials have large potentiality in energy ap-
plications.
Fig. 6. Electrochemical properties of samples for supercapacitors in a three-electrode system with 1M H2SO4 electrolyte: (a) CV profiles of the NOHPCs at 50mV s−1;
(b) GCD profiles of the NOHPCs at 10 A g−1; (c) GCD profiles of the NOHPC-900-11.5 electrode at various current densities; (d) EIS Nyquist plot of the different
electrodes, the inset is the enlarged view of the profiles in the large-frequency region; (e) cycling performance of the NOHPC-900-11.5 electrode at 5 A g−1.
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Fig. 7. Electrochemical properties of the as-fabricated NOHPC-900-11.5//NOHPC-900-11.5 symmetric supercapacitor: (a) CV profiles at 5-100mV s−1; (b) GCD
profiles at 0.5–20 A g−1; (c) the corresponding specific capacitance at various current densities; (d) the Ragone plots of the as-fabricated NOHPC-900-11.5//NOHPC-
900-11.5 symmetric supercapacitor; (e) GCD profiles of two devices in series and in parallel at 1 A g−1. A single device is also plotted for comparison. (f) CV profiles
of two devices in series and in parallel at a scan rate of 5mV s−1. A single device is also plotted for comparison. (g) cycling performance of the as-fabricated NOHPC-
900-11.5//NOHPC-900-11.5 symmetric supercapacitor at 5 A g−1.
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3.4. Electrochemical performance of a symmetric supercapacitor based on
NOHPC-900-11.5
We assemble a symmetric supercapacitor based on NOHPC-900-
11.5 for exploring the latent applications of supercapacitors. Firstly, the
electrochemical property of the symmetric supercapacitor is in-
vestigated in a 1M Na2SO4 electrolyte (Fig. 7). It is worth noting that
even if the voltage window is between 0 and 1.8 V, the CV curve of the
assembled symmetric supercapacitor is rectangular-like and has ex-
cellent reversibility. Oxygen-containing functional groups on the
boundary of NOHPC-900-11.5 can generate the high overpotential of
dihydrogen ions, which results in a wide working potential range of a
NOHPC-900-11.5//NOHPC-900-11.5 symmetric supercapacitor. As
shown in Fig. 7a, the assembled symmetric supercapacitors are tested
and can be seen to maintain a class-like rectangle at the potential range
from 0 to 1.8 V even at 100mV s−1, showing supercapacitors have fine
electrochemical reversibility. In addition, the GCD is performed on the
assembled symmetric supercapacitor under different current densities.
From Fig. 7b, the GCD curve can be observed to have good symmetry,
which indicates that the symmetric supercapacitor assembled based on
NOHPC-900-11.5 has good coulombic efficiency. The GCD curve does
not have a significant voltage drop, indicating that the assembled su-
percapacitor has fine electrochemical property. As shown in Fig. 7c,
NOHPC-900-11.5//NOHPC-900-11.5 symmetric supercapacitor has a
high specific capacitance of 184.8 F g−1 at 0.5 A g−1, and though the
current density is 8 A g−1, the specific capacitance is maintained at
143.8 F g−1. Moreover, EIS goes a step further checks the prepared
symmetrical supercapacitors. Symmetric supercapacitor assembled
based on NOHPC-900-11.5 has a smaller equivalent series resistance
(Fig. S7), indicating that the prepared supercapacitor has good con-
ductivity.
In order to further estimate the electrochemical property of a
symmetric supercapacitor based on NOHPC-900-11.5 assembly, the
performance of the supercapacitor is evaluated by a Ragone diagram.
As a result, the assembled symmetric supercapacitor possesses a large
energy density of 20.8Wh kg−1 at a power density of 451.9W kg−1
Fig. 8. Electrochemical performance of NOHPC-900-11.5 tested in TEATFB/PC organic electrolyte and EMIMNTF2 ionic liquid electrolyte using a two-electrode
configuration: (a) CV curves at different scan rates; (b) GCD curves at different current densities; (c) Impedance spectrum; (d) Rate performance; (e) Ragone plots; (f)
Cyclic stability at the current density of 3 A g−1.
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(Fig. 7d). Even at a larger power density of 5.6 kW kg−1, the energy
density of 16.2Wh kg−1 also could be retained. The symmetric super-
capacitor based on NOHPC-900-11.5 possesses a larger energy density
than the common supercapacitor (5Wh kg−1), such as RGO/MnOx@
HCN//AC (9.38W h kg−1) [42], AGF@AC//AGF@AC (6.60Wh kg−1)
[43], N-HPCN//N-HPCN (10.42Wh kg−1) [44], ALGC//ALGC
(10Wh kg−1) [45], TP-NRs//AC (13.1Wh kg−1) [46], V3S4@3DGH//
MnO2@3DGH (7.4Wh kg−1) [47], PCF//PCF (15.91Wh kg−1) [48], or
CDMMC//CDMMC (17.91Wh kg−1) [49]. GCD measurement (Fig. 7e)
displays that the output voltage of a single device is half that of a series
device. Moreover, the discharge time of a single device is half that of a
parallel device at the same voltage. CV measurements (Fig. 7f) show
that the integrated area of the curve of the parallel device is twice the
integral area of a single device. At the same time, the output voltage of
a series connected device is twice the output voltage of a single device.
To test the practical application of supercapacitors, two devices in
series illuminate blue light-emitting diode (LED, 3.0 V) illustrated in the
inset of Fig. 7f.
Cycle stability is a key parameter for assessing the potential appli-
cation of supercapacitors. Therefore, the study performed a cyclic sta-
bility test on a symmetric supercapacitor assembled based on NOHPC-
900-11.5. In a 1M Na2SO4 electrolyte, a 20,000 cycle GCD test is per-
formed. As shown in Fig. 7g, the prepared symmetric supercapacitor is
found to have good cycle stability. The specific capacitance of the su-
percapacitor remained at 92.1% of the initial capacitance after 10,000
cycles; even after 20,000 cycles, the specific capacitance of the super-
capacitor remained at 84.7% of the initial capacitance. This indicates
that the symmetric supercapacitor assembled based on NOHPC-900-
11.5 has excellent cycle durability, further indicating that the electrode
material prepared by the salt templating could be applied to a latent
electrode for electrochemical applications, such as energy storage ma-
terial.
Since the specific energy of supercapacitors is much smaller than
that of lithium batteries, it has not been well developed in practical
energy storage applications in recent years. Increasing the working
voltage window of the electrolyte is one of the important ways to im-
prove the energy density of the supercapacitor and broaden its appli-
cation field. In order to further verify the huge potential of the porous
carbon material prepared in this study in supercapacitor, TEATFB/PC
and EMIMNTF2 are selected as electrolytes to assemble symmetric su-
percapacitor based on NOHPC-900-11.5 because of the large electro-
chemical window of organic solvents and ionic liquids. As shown in
Fig. 8a, the shapes of the cyclic voltammetry curves exhibit a rectan-
gular shape with almost no difference even if the scanning rate is in-
creasing to 100mV s−1, indicating that the assembled supercapacitor
has excellent capacitance performance. More importantly, the electro-
chemical windows reach to 2.8 V and 3.7 V under two electrolytes
which can greatly improve the specific energy of the device of the su-
percapacitor. From Fig. 8b, the testing curve shape of assembled device
exhibits an isosceles triangle, displaying excellent Coulomb efficiency
of the device. As shown in Fig. 8c, the equivalent series resistance is
observed to be 6.2Ω using TEATFB/PC as the electrolyte, while the
equivalent series resistance is 13.5Ω under the electrolyte EMIMNTF2.
The resistance value is much lower compared with other literatures, in
addition, the slope of the curve can be found to be almost perpendicular
to the real axis in the high frequency region, indicating excellent ca-
pacitance performance of the assembled supercapacitor. The specific
capacitance at different current densities can be calculated by the
constant current charge and discharge curve. When TEATFB/PC is used
as the electrolyte, the capacitance is 113.9 F g−1 at the current density
of 0.5 A g−1, and the capacitance is 103.4 F g−1 at 10 A g−1, and the
capacitance is only lost by 9.3%. When EMIMNTF2 is selected as the
electrolyte, the capacitance is 150.5 F g−1 at 0.5 A g−1, as the current
density is increased to 10 A g−1, the capacitance reaches to 122.3 F g−1,
the capacitance retention rate is 81.2% (Fig. 8d). The capacitance using
the organic electrolyte is higher than that using the ionic liquid due to
the higher conductivity. From the Ragone plot (Fig. 8e), using the
electrolyte of TEATFB/PC, the energy density was found to be
31.4Wh kg−1 at the power density of 350.9W kg−1. When the power
density was increased to 15.4 kW kg−1, the energy density was main-
tained at 28.1Wh kg−1. With the electrolyte EMIMNTF2, the assembled
supercapacitor has an energy density of 71.6Wh kg−1 at the power
density of 932.7W kg−1, the energy density is still 58.1Wh kg−1 at the
power density of 21.5 kW kg−1. The symmetric supercapacitor pos-
sesses a higher energy density under these two electrolytes, much larger
than previously reported values (Table S2). That may be due to the
specific interaction between the ions and the active sites of NOHPC-
900-11.5 in the ionic liquid electrolyte, which results in improved
wettability and ion kinetics. The self-discharge behavior of the super-
capacitors based on NOHPC-900-11.5 in Na2SO4 electrolyte, TEATFB/
PC organic electrolyte and EMIMNTF2 ionic liquid electrolyte are in-
vestigated. After charging at a current density of 1 A g−1 to 1.8 V, 2.8 V
and 3.7 V, respectively, the voltage change over a period of 5000 s was
first recorded. It can be found that the supercapacitor based on NOHPC-
900-11.5 has better self-discharge performance in TEATFB/PC organic
electrolyte and EMIMNTF2 ionic liquid electrolyte (Figs. S8, S9). Cyclic
stability of the supercapacitors was tested using two electrolytes. As
shown in Fig. 8f, after 10,000 cycles at 3 A g−1 in the TEATFB/PC
electrolyte, a capacitance retention ratio of 85.1% was obtained,
meanwhile, after 10,000 cycles at 3 A g−1 in the EMIMNTF2, the re-
tention of the capacitor was 81.5%. That exhibits good cycle stability.
4. Conclusions
In summary, NOHPCs are successfully prepared based neutraliza-
tion reaction. By controlling the pH of reaction system, the contents of
the reactant of KOH and the reaction product of KCl in soybean can be
balanced, which as a chemical activator and porogen causes a hier-
archical porous structure containing macropores, mesopores and mi-
cropores during carbonization. As the KOH content increases, more
mesopores are formed, which is advantageous to be used as electrode
materials for electrochemical property. Then, as KOH content continues
to increase, it can be found that the mesopores are drastically reduced
and the electrochemical performance is also deteriorated.
Carbonization temperature affects the structure and properties of
NOHPCs. As the carbonization temperatures increases from 700 °C to
900 °C, some mesopores are formed. However, when the temperature
continues to increase to 950 °C, the mesoporosity can be found to de-
crease sharply. When the pH in reaction system is 11.5, and the car-
bonization temperature is 900 °C, the obtained NOHPC-900-11.5
sample possesses a big area (2404.3m2 g−1) and a large pore volume
(1.31 cm3 g−1), nitrogen content (0.42%) and oxygen content (32.1%).
When assembling supercapacitors, in a three-electrode device of 1M
H2SO4 electrolyte, NOHPC-900-11.5 has a high specific capacitance of
380 F g−1 at 1 A g−1 and a high 71% capacitance retention at 10 A g−1.
In the two-electrode system with electrolyte of 1M Na2SO4, symmetric
supercapacitor assembled based on NOHPC-900-11.5 has a good cycle
stability. It is worth noting that the electrochemical windows of sym-
metric supercapacitor reach to 2.8 V and 3.7 V, and high energy den-
sities of 31.4Wh kg−1 and 71.6Wh kg−1 are obtained using the elec-
trolytes of TEATFB/PC and EMIMNTF2. The above results indicate that
the future energy storage materials of NOHPCs are promising, and the
use of renewable biomass materials for preparing advanced energy
storage materials based on neutralization reaction has opened up a
shortcut path for future energy applications.
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